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Abstract. Infrared observations, combined with realistic laboratory simulations, have revolutionized
our understanding of interstellar ice and dust, the building blocks of comets. Ices in molecular
clouds are dominated by the very simple molecule® HCH;OH, NH;, CO, CQ, and proba-

bly H,CO and H. More complex species including nitriles, ketones, and esters are also present,
but at lower concentrations. The evidence for these, as well as the abundant, carbon-rich, inter-
stellar, polycyclic aromatic hydrocarbons (PAHS) is reviewed. Other possible contributors to the
interstellar/pre-cometary ice composition include accretion of gas-phase moleculiesséngho-
tochemical processing. By virtue of their low abundance, accretion of simple gas-phase species is
shown to be the least important of the processes considered in determining ice composition. On
the other hand, photochemical processing does play an important role in driving dust evolution
and the composition of minor species. Ultraviolet photolysis of realistic laboratory analogs read-
ily produces H, H,CO, CQ, CO, CH;, HCO, and the moderately complex organic molecules:
CHsCH,OH (ethanol), HC(=O)NHK (formamide), CHC(=O)NH, (acetamide), R-CN (nitriles), and
hexamethylenetetramine (HMTgB12N4), as well as more complex species including amides, ke-
tones, and polyoxymethylenes (POMSs). Inclusion of PAHs in the ices produces many species similar
to those found in meteorites including aromatic alcohols, quinones and ethers. Photon assisted PAH-
ice deuterium exchange also occurs. All of these species are readily formed and are therefore likely
cometary constituents.

1. Interstellar ice

Interstellar gas and dust, including ices and ice-and organic-mantled refractory dust
grains, comprise the primary stuff from which the solar system formed. It is im-
portant to understand interstellar ice composition and photochemistry since these
ices are considered important cometary building blocks. Furthermore, they contain
more material and are more chemically complex than the interstellar gas-phase
material.

Gaseous species readily condense onto cold, 10 K grains in dense molecular
clouds forming ice mantles. Interestingly, mantle composition does not reflect gas
phase composition or abundances. Differences in relative sublimation rates and
chemical reactivities, complicated by photochemical processing, produce ice com-
positions strikingly different from the gas. New compounds are formed when reac-
tive gaseous species condense on the grain surfaces and the ices are energetically
processed by UV radiation and cosmic rays (cf. Greenberg and Li, 1999, elsewhere
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Figure 1. Schematic drawings of the types of ice mantles expected in dense molecular clouds. In
regions where the H/iratio is much greater than one (top left), surface reactions tend to be reducing
and favor the production of simple hydrides of the cosmicly abundant O, C, and N. In contrast,
oxidized forms of these species are favored in regions where this ratio is much less than one (top
right). Irradiation and thermal processing (bottom) of these ice mantles creates considerably more
complex species and, ultimately, non-volatile residues.

in this book; Greenbergt al,, 1972; Tielens and Hagen, 1982; d’Hendecatidl.,
1985; Brown and Charnley, 1990; Moageal.,, 1983; Bernsteiet al., 1995). Some
of these processes are schematically shown in Figure 1.

Since hydrogen is 3 to 4 orders of magnitude more abundant than the next most
abundant reactive heavier elements such as C, N, and O, overall grain surface
chemistry is moderated by the H/Hatio. In regions where this ratio is large,

H atom addition (hydrogenation) dominates and species such@s MHz, and

CH, are expected to be prominent. If the H/Hitio is substantially less than one,
however, reactive species such as O and N are free to interact with one another
forming molecules such as CO, G@D,, and N. Thus, two qualitatively differ-

ent types of ice mantle are expected to be produced by grain surface reactions,
one dominated by polar, H-bonded molecules and the other dominated by non-
polar, or only slightly polar, highly unsaturated molecules. Figure 1 also shows the
first generation of products one might expect upon photolysis (UV irradiation) of
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these mantles. This picture of interstellar grain mantle formation and evolution is
supported by the observational evidence summarized below.

Interstellar ice compositions are revealed through their infrared (IR) spectra. A
star situated in or behind a molecular cloud can generate a continuous IR emission
spectrum. As this radiation passes through the cloud, the intervening molecules
in the gas and dust absorb at their characteristic frequencies. Since ice features
tend to dominate such spectra, interstellar ice composition can be readily analyzed
by making spectral comparisons with ices prepared in a laboratory under realis-
tic interstellar conditions. Such simulations are carried out at NASA Ames and
elsewhere in high-vacuum chambers where thin layers of mixed- molecular ices,
comparable in thickness to those of the mantles on interstellar grah8%,:m),
are frozen on cold substrates. In a typical experiment, the spectrum of the sample
is measured before and after several periods of exposure to UV radiation and ther-
mal cycling. These spectra are then compared directly with interstellar spectra in
order to identify ice composition, determine molecular abundances, and probe ice
evolution. Detailed descriptions of the approach can be found in Allamandola and
Sandford (1988), and Bernstedhal. (1995).

Figure 2 shows a comparison between the spectrum of W33A, a protostar em-
bedded in a molecular cloud (Willner, 1977; Cappal., 1978) with the laboratory
spectra of interstellar ice analogs. The excellent matches between the interstellar
absorption features with laboratory absorption spectra, as illustrated in Figure 2,
represent the basis of our knowledge of interstellar ices. Interestingly, until quite
recently, more was known of interstellar ice composition-grains hundreds of light
years away-than of cometary ices in our own Solar System! A brief summary of
the major components follows.

H,0 (water) - H,O is the dominant ice component in dense clouds. At present,
five interstellar features have been detected which fit reasonably well with labo-
ratory H,O ice spectra (c.f. Legest al., 1983; Tielenset al,, 1984; Smithet al.,,
1989, 1993; Omorgt al, 1990). The 3280 cm'(3.07:m) band is typically one of
the strongest in the interstellar spectra.

CH30OH (methanol) - Molecular cloud spectra often contain a prominent ab-
sorption near 1460 cni(6.85:m) as shown in Figure 2. It was suggested early on
that much of this absorption might be due to the CH deformation mode vibration
of methanol (Hagest al., 1980; Tielenst al,, 1984). Although supported by labo-
ratory studies, the unequivocal identification of methanol required the detection of
its other bands (Grinet al., 1991; Allamandolat al,, 1992). CHOH abundances
deduced from all of the features taken together suggest that other species contribute
to the interstellar absorption around 1460 ¢mAliphatic organic compounds and
carbonates are reasonable candidates (cf. Allamandola and Sandford, 1988).Gas
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Figure 2.Comparisons of laboratory analog spectra with spectra from the object W33A, a protostar
deeply embedded in a dense molecular cloud. Upper left- The dots trace out the interstellar spectrum
and the solid line corresponds to the quasi-blackbody emission spectrum thought to be produced
by the protostar. The strong absorption neardd is due to the silicate grains in the cloud, and

the excess absorption labeled "2880" is thought to arise from interstellar microdiamonds. The other
absorptions are produced by interstellar ices. These bands are presented on expanded scales and com-
pared to laboratory spectra in the surrounding frames. Lower left- The solid line is due to methanol in

a laboratory ice. Lower right- The upper smooth line corresponds to a laboratory analog comprised

of CO (sharp band) and XCN (broad band). Upper right- The solid and dashed lines correspond to
spectra of HO and CHOH respectively.

phase methanol enhancements have been found in star and planet forming regions
of dense clouds where the GEH is thought to be liberated from warming ices.

CO (carbon monoxide)- After H,O, the most studied interstellar ice compo-
nent is probably carbon monoxide. CO has a characteristic absorption feature near
2140 cnr1(4.67um), as shown in Figure 2. Its position, width, and profile are a
sensitive function of the ice matrix in which the CO is frozen (Sandfeiral.,

1988; Elsilaet al., 1997). Many, but not all, of the lines-of-sight that contaigCH



EVOLUTION OF INTERSTELLAR ICES 223

ice also contain CO ice and the relative strengths of th@ Bihd CO bands indicate
CO/H,0 ratios ranging from 0.0 to as much as 0.3 (Latyal, 1984; Tielenset

al., 1991; Chiaret al,, 1994, 1995, 1998). Although a few of the CO bands have
positions and profiles consistent with CO frozen igCHrich matrices, most lines-
of-sight exhibit profiles indicative of CO frozen in both non-polar matrices, i.e.,
ices thought to be dominated by molecules such as CQ, O N,, and CH;;

and polar, HO dominated matrices. These are the two sorts of mantle predicted
on the basis of the H/lratio discussed earlier and sketched in Figure 1. The fact
that H,O, a highly polar molecule, is the most abundant molecule in the ices along
all these lines-of-sight, but that the CO is generally in ices dominatedoiy

polar molecules provides clear evidence for the existence of multiple chemical
environments within individual clouds. Elsi&t al. (1997) and Ehrenfreunet al.
(1996, 1997) have shown that these non-polar ices are likely to be dominated by
N5, O, and CQ. In the more quiescent regions as much as 40% of the cosmic
N and 25% of the cosmic O could be in the form of frozepndd Q. If comets
indeed contain unmodified interstellar ices, these highly volatile species could drive
cometary activity at large heliocentric distances.

"XCN” - The spectra of a limited number of lines-of-sight through dense clouds
contain a broad, often weak, feature near 2165 {#h62um) (Figure 2; Lacy
et al, 1984; Tegleret al, 1993, 1995). While the statistics are currently poor,
there is an indication that this feature is present, or at least prominent, only in the
spectra of objects embedded within clouds which are associated with protostellar
and protoplanetary regions and not in the spectra of background stars (&egler
al., 1995). This suggests that, as with methanol, the band carrier is associated with
the local environment of the embedded star. Laboratory experiments show that the
interstellar band can be reproduced by photolyzing ice mixtures containing C and
N (Lacy et al, 1984; Tegleret al, 1993; Bernsteiret al, 1995). This, plus the
frequency, implicate the €N functional group in a larger molecule, and suggest
that some form of energetic processing is needed to produce it in the interstellar
medium. Isotope and ion trapping experiments make a good case for assigning
this feature to OCN (Grim and Greenberg, 1987a; Schutte and Greenberg, 1997;
Demyket al,, 1998).

H, (hydrogen) - Molecular hydrogen (k) may have been detected along the
line-of-sight to WL5 in thep Ophiucus cloud (Sandfordt al, 1993). This is
a deeply embedded object which produces gas-phase CO bands which overlap
the possible K band. Confirmation awaits high resolution spectroscopy. In any
event, laboratory studies of interstellar ice analogs show that ion and UV irradia-
tion produce, and efficiently trap, frozen, KMoore and Hudson, 1992; Sandford
and Allamandola, 1993b). This process can be very efficient, producirapth-
dances up to one third of the;B. Thus, hydrogen could have a high abundance in
interstellar and cometary ices.
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TABLE |

Composition and abundances of interstellar ice (relativeA0)Htompared to that de-
duced in Comets Halley, Hyakutake, and Hale-Bopp. The species listed above HCO in
Column Two have been definitely detected, those below have been tentatively identified.
The evidence is good for all of these species. Cometary abundances are from: Halley
- Altwegg et al. (1999); Hyakutake and Hale-Bopp - Crovisier and BoekeMorvan
(1999). See text for interstellar ice references.

MOLECULE INTERSTELLARICE COMET PARENT MOLECULES
Abundance Halley Hyakutake Hale-Bopp
H>O 100 100 100 100
CO (polar ice) 1-10
CO (non-polar ice) 10-40 17 6-30 20
CH3OH <4-10 1.25 2 2
CO, 1-10 35 <7 6
XCN 1-10 — — —
NH3 5-10 15 0.5 0.7
Ha ~1 — — —
CHa ~1 <08 0.7 0.6
HCO ~1 — — -
H.CO 1-4 3.8 0.2-1 1
N2 10-40 — — —
07] 10-40 — — —
OCSorCQ few 0.2 0.1 0.3

Other Species Based on limited telescopic observations, laboratory studies of
ice analogs, and theoretical chemistry models, a number of other molecular species
are suspected of being present in interstellar ices in quantities on the order of a few
percent relative to bD. Until recently, the following species have been tentatively
identified in small numbers of objects: GKinethane, Lacgt al,, 1991), CQ (car-
bon dioxide, d’'Hendecourt and Jordain de Muizon, 1989) HCO ai@(formyl
radical and formaldehyde, cf. Tielens and Allamandola, 1987; Schtgte 1996),

OCS (carbonyl sulfide, Palumlst al., 1995) or CQ (carbon trioxide, Elsilat al,,

1997), N and Q (Elsilaet al,, 1997; Ehrenfreundt al,, 1996, 1997), and possibly
ketones and/or aldehydes (Tielens and Allamandola, 1987). The diatomic species
S,, of relevance to comets as it has been detected in a cometary coma, is also
readily made upon irradiation of an interstellar ice analog (Grim and Greenberg,
1987b).

Interstellar NH ice has now been definitely detected, with a concentration
between 5 and 10% that of the water (Lastyal., 1998). Recent IR spectral ob-
servations by the ISO satellite have shown that frozen 8Q@biquitous in dense
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clouds, having an abundance varying between roughly 10 and 15% of@eaAd

that CH, is also a common interstellar ice component, typically at the few percent
level (DeGrauwet al., 1996; Boogeret al, 1997). Over the next few years, ISO
spectra will certainly deepen our understanding of interstellar ice. These interstellar
ice constituents and their average abundances are compared to those of comets in
Table I.

2. Gas Phase Accretion and Gas-grain Chemistry

Of course, any gas phase species observed in dense clouds by radio (or infrared)
techniques should also be present in the grain mantles (e.g. Irvine, 1999; Win-
newisser and Kramer, 1999). At the low temperatures characteristic of these en-
vironments, all molecules should be strongly depleted by condensation onto the
ice (cf. Sandford and Allamandola, 1993b). This includes the polycyclic aromat-
ic hydrocarbons (PAHs) which are known, through their infrared emission, to be
ubiquitous and abundant gas phase species throughout the interstellar medium (cf.
Allamandolaet al,, 1989; Puget and Leger, 1989; Broekal., 1999). However, as
shown in Table I, the much lower abundances of the specific gas-phase molecu-
les known from radio observations require that direct accretion of most complex
gas-phase species plays a very minor role in determining interstellar ice composi-
tion. This relationship also holds for the radio-quiet £&$ shown by recent ISO
observations (Boogedt al., 1997).

As mentioned earlier, the solid CO spectral characteristics along lines-of-sight
which probe quiescent portions of molecular clouds can be quite distinct from
those closely associated with embedded protostars. The narrow CO band that is
characteristic of non-polar ices seems to be associated with lines-of-sight which
sample the colder, quiescent regions of dense clouds.

This is consistent with the picture that the ices in the protostellar environment
have probably undergone substantially more radiative processing and are somewhat
warmer (i.e., above 30 K) than those ices along lines of sight which sample quies-
cent regions. Since the protostellar environment is also the formation site of new
planetary systems, the interstellar/precometary ice composition in these regions is
of particular relevance to comets. These are the regions in which the XCN and
CH3OH bands are prominent, suggesting that these materials are associated more
with the radiation-rich and somewhat warmer environment of the protostar than
with the molecular cloud itself. It is now clear that @BH is often the second
or third most abundant component in these and cometary ices (cf. Reuter, 1992;
Allamandolaet al., 1992). The high abundance of methanol is of key importance
since its presence drives a rich interstellar photochemistry (Allamaretodd,

1988; Bernsteiret al, 1995) and gas phase chemistry (Charrggyal, 1992).
Furthermore, since methanol has profound effects on the physical behavior of
H,O-rich ices, this may have important implications for their structural (Blake
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TABLE Il

Comparison between the gas-phase and solid-state abundances for several molecular species
normalized to hydrogen. This comparison shows that the interstellar ices contain the bulk of
interstellar polyatomic molecules.

MOLECULAR ABUNDANCE WITH RESPECT TO HYDROGEN

Molecule Gas phase Gas phase Ice Ice/Gas
T™MC-1 OoMC-1 NGC 7538 IR9 Ratio

CO 8x 10°° 5x10°° 6x10°° 0.12

H,0 — — 6x 1075 ?

CHsOH 2x10°° 1x10°7 6x10°° 60-3000

NH; 2x10°8 — 6x 10°° 300

CO, 5x 1078 — 8x10°° 160

CH, — — 6x 1077 ?

Gas Phase Values: TMC-1 — Ohigial. (1992); OMC-1 — Blakeet al. (1987);
CO;, — van Dishoelet al. (1996)

Ice mantles: Allamandolat al. (1992); CQ — DeGrauwet al. (1996);

CH. — Boogertet al. (1997)

et al, 1991; Ehrenfreunctt al, 1998) and vaporization behavior (Sandford and
Allamandola, 1993b).

Thorough recent reviews on interstellar ices can be found in Saneétoadl
(1996) and Schutte (1996).

3. Interstellar Ice Evolution

As discussed earlier, the ices in dense molecular clouds are irradiated by UV pho-
tons and cosmic rays, breaking and rearranging chemical bonds within the ice. This
is an important process since it can create complex molecular species that cannot
be made via gas phase and gas-grain reactions at the low temperatures and pres-
sures characteristic of dense clouds. The reason for this is that solid-phase reaction
kinetics, stoichiometry, and energetics favor complexity and chemical diversity.

As an example, for the last three pages we consider the photochemical evolution
of an interstellar ice analog comprised 0§®tCHzOH:CO:NH; (100:50:10:10).
Exposure to UV destroys several species (particularly methanol) and creates others
such as: HCO, KCO, CH,, CO;,, XCN, etc. (Allamandolaet al., 1988; Bernstein
et al, 1995), all of which have been identified in interstellar ices (Table I). Present-
ly, the strongest evidence that radiation processing is important, at least in some
locations within dense clouds, is provided by the "XCN” feature (Figure 2), which
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Figure 3.Compounds produced by the 10 K UV photolysis of the realistic interstellar ice analogs
H20:CH;OH:NH3:CO (100:50:10:10) and (100:50:1:1). Figure adapted Bernsteih (1995).

cannot be explained by any of the more abundant species predicted by gas and
gas-grain chemical models, but which is readily made by the radiative processing
of laboratory ices containing both C and N. For detailed descriptions of the UV
driven chemical evolution of ice, see Briggsal. (1992), Bernsteiret al. (1995),
Gerakineset al. (1996) and references therein. Ultraviolet processing of the non-
polar ices of quiescent cloud regions produces G0, O3, CO3, HCO, H,CO,

and possibly NO and N&Elsilaet al., 1997).
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The same ice irradiation processes that produce the simpler molecules such as
CO, CQ, HCO, H,CO, CH;, etc., also produce far more complex species. The par-
ent species and more volatile photoproducts sublime upon warm up to about 200 K
under vacuum, leaving a mixture of less volatile species behind. The species identi-
fied in the material remaining on the window at 200 K and at room temperature are
shown in Figure 3. These species, which result from the irradiation of laboratory
ices which mimic the polar ices associated with protostellar environments differ
from those produced by irradiating realistic analogs of the ices in the quiescent
regions. Clear-cut evidence for these compounds in interstellar clouds is presently
lacking, although some of the spectral structure detected in the 2000-1250 cm
region is consistent with their presence.

The residue which remains on the window at room temperature is of par-
ticular interest to the cometary community. This organic residue is rich in the
cage molecule Hexamethylenetetramine (HM{EHGN,), with lesser amounts of
polyoxymethylene-related species (POMSs), amides, and ketones (Beretsédin
1995). [As an aside, based on Bernsteiral's suggested HMT synthesis route
which prominently invokes the reactive intermediate methyleneimine, Diokens
al. (1997) searched for this species and found it to be widespread throughout the
ISM.] The dominance of HMT in photolyzed methanol-rich residues is in sharp
contrast to the organic residues produced by irradiating ices which do not contain
methanol (Agarwalkt al, 1985), or the family of organic molecules produced
in thermally promoted polymerization-type reactions in unirradiated realistic ice
mixtures (Schutteet al, 1993). In non-CHOH containing ices, HMT is only a
minor product in a residue dominated by a mixture of POM related species. POM-
like species have been suggested as an important organic component detected in
the coma of Comet Halley (Huebnetal., 1989).

Lastly, given that PAHs are known to be widespread and abundant throughout
the interstellar gas, we have studied the photochemistry of PAH-containing ices.
With an abundance of 13 with respect to H, PAHs are more abundant than all
of the gas- phase polyatomic molecules combined (e.g. Table Il). While the UV
photolysis of PAHs in interstellar ices modifies only a small fraction of the inter-
stellar PAH population, this change is significant. As shown below, the principle
PAH reaction pathways induced by PAH photolysis gCHces are: hydrogenation
which produces K-PAHSs; oxidation which produces ketones (quinones), alcohols,
and ethers; and deuteration whepDis present in the ice (Bernstet al., 1996,

1999; Sandforet al., 1999).
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These alteration processes have dramatically different effects on the chemical
nature of the parent. Hydrogen-atom addition transforms some of the edge rings
into cyclic-aliphatic hydrocarbons, thereby creating molecules with both aromatic
and aliphatic character and decreasing the overall degree of aromaticity. Ketone or
aldehyde formation opens up an entire new range of possible chemical reactions
that were impossible in the parent PAH.

These results are also important for the cometary community. First, PAH pho-
tochemistry in interstellar/pre-cometary ices is a potentially important contributor
to the richness of Solar System chemistry. A strong connection of this material
with the carbonaceous fractions of meteorites (and by implication comets) may
well exist. For example, complex organic molecules similar to those produced here
have been identified in meteorites (Ha#nal, 1988; Cronin and Chang, 1993)
and oxidized polycyclic aromatic hydrocarbons are present in organic extracts
from the Murchison meteorite (Deamer, 1997). Furthermore, photon-assisted PAH
deuteration may bear on the deuterium enrichments of PAHs seen in meteorites
(Kerridgeet al, 1987) and in IDPs (Clemett al, 1993; McKeegaret al., 1985).

The formation histories of these extraterrestrial materials are not well understood,
although the presence of deuterium enrichments in many of the classes of these
compounds has been taken to implicate an interstellar origin (Keredgle 1987;
Croninet al, 1993). Thus, the photolytic processes discussed here may well have
contributed significantly to this meteoritic inventory.

4. Conclusion

Infrared observations, combined with realistic laboratory simulations, have revo-
lutionized our understanding of interstellar ice and dust. These materials are of
particular relevance here since these are the building blocks of comets and also
because comets are thought to have brought most of the volatiles and complex
organics to the early Earth. Interestingly, the similarity between the interstellar ice
constituents and relative abundances with the list of known cometary constituents
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is remarkable. This strong similarity strengthens the case for applying interstellar
ice studies directly to the study of comets.

Ice composition in molecular clouds depends on local conditions. In areas as-
sociated with star, planet, and comet formation, ices comprised of polar species
and entrapped volatiles such asg® CH;OH, CO, CQ, NH3, XCN (OCN"), Hy,
and HCO are most important. In quiescent regions, the ices are dominated by
non-polar, volatile species such as,®,, CO, and CQ. Non-polar interstellar
ices are far less important in the warm (by interstellar standards) star-formation
regions due to the high volatility of the individual components. Photolysis of the
polar, HO-rich ices produces £H,CO, CG, CO, CH;, HCO, and the moderate-
ly complex organic molecules: GE&H,0OH (ethanol), HC(=O)NH (formamide),
CH3C(=O)NH, (acetamide), R-CN and R-NC (nitriles and isonitriles), and hex-
amethylenetetramine (HMT,dEl1o0N4), as well as more complex species including
polyoxymethylene and related species (POMs), amides, and ketones. Inclusion of
PAHs (also known to be ubiquitious throughout the interstellar medium) in the
irradiated ices produces many species similar to those found in meteorites includ-
ing aromatic alcohols, quinones and ethers. Photon assisted PAH-ice deuterium
exchange also occurs. All of the above species are readily formed and thus likely
cometary constituents at the 0.1 to 1 percent level.
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